Neurodegenerative diseases represent a heterogeneous group of neurological conditions primarily involving dementia, motor neuron disease and movement disorders. They are mostly related to different pathophysiological processes, notably in family forms in which the clinical and genetic heterogeneity are lush. In the last decade, much knowledge has been acumulated about the genetics of neurodegenerative diseases, making it essential in cases of motor neuron disease and frontotemporal dementia the repeat expansions of C9orf72 gene. This review analyzes the main clinical, radiological and genetic aspects of the phenotypes related to the hexanucleotide repeat expansions (GGGGCC) of C9orf72 gene. Future studies will aim to further characterize the neuropsychological, imaging and pathological aspects of the extra-motor features of motor neuron disease, and will help to provide a new classification system that is both clinically and biologically relevant.
Neurodegenerative diseases represent a heterogeneous group of neurological conditions primarily involving dementia, motor neuron disease and movement disorders. A wide group of different pathophysiological and genetic mechanisms are involved in this group. Knowledge regarding the genetic basis of sporadic and familial cases of neurodegenerative disorders is growing and new evidences about the involvement of previously unknown genes are the rule. This is particularly true in cases with complex motor and cognitive phenotypes.
Motor neuron disease comprises four main different clinical forms of upper and lower motor neuron involvement: primary lateral sclerosis; progressive muscular atrophy; progressive bulbar palsy; and amyotrophic lateral sclerosis (ALS). ALS represents the most common form of progressive neurodegenerative motor neuron disease with upper and lower motoneuron compromise, clinically defined through specific clinical and electroneuromyographic diagnostic criteria, the so-called El Escorial revised criteria and the Awaji-shima electrodiagnostic criteria. However, ALS is more than a pure motor neuron disease. It is a heterogeneous syndrome with clinical, pathological and genetic overlap with frontotemporal dementia 1 .
Frontotemporal lobar degeneration (or simply frontotemporal dementia) (FTD) represents one of the most common and wide studied neurodegenerative group of cognitive and behavioural conditions, generally giving rise to an earlyonset dementia with behavioural disturbances involving three particular clinical syndromes 2, 3, 4 : the so-called behavioural variant frontotemporal dementia (bvFTD), semantic variant of primary progressive aphasia (svPPA) and nonfluent/agrammatic variant of primary progressive aphasia (nflvPPA). A logopenic variant of primary progressive aphasia has also been considered.
Despite its major presentation as a cognitive and behavioral disturbance, in some cases of FTD, motor involvement is prominent. Since 2006, there is growing evidence about the participation of a major gene locus involved in FTD and ALS phenotypes located on chromosome 9p (the previously known chromosome 9p-linked FTD with ALS) 4, 5 , which subsequently in 2011 proved to represent an hexanucleotide repeat expansion in the non-coding region of C9orf72 gene 6, 7 . ALS can be viewed as resulting from a complex convergence of genetic susceptibility, age-related loss of cellular homeostasis, and possible environment influences. The rapid increase in recent years of the number of genes in which mutations have been associated with ALS has led to in vitro and in vivo models that have generated a wealth of data indicating disruption of specific biochemical pathways and subcellular compartments, including protein misfolding, mRNA splicing, axonal transport, oxidative stress, proteasome and mitochondrial dysfunctions (Figure 1 ). Since the identification of the C9orf72 gene, the mechanisms of the interaction between cellular degeneration and system level degeneration have been better elucidated, providing a roadmap for developing novel treatments based on specific targeting of gene mutations. The aim of this review is to focus in the main information regarding genetic, pathophysiological, clinical and neuroimaging features of C9orf72-related disorders.
EPIDEMIOLOGICAL PROFILE
The overall prevalence of ALS ranges from 2-7 cases per 100,000 inhabitants 1 . A minor proportion of 5% of ALS cases represent familial autosomal dominant ALS cases 8 . In the last decade, SOD1 mutations were considered the most common genetic form of familial ALS 1 . However, great knowledge was obtained from new gene discovery allowing a more comprehensive approach in the previously unidentified familial cases. Mutations in the C9orf72 gene represent up to 50%-60% of cases of familial ALS and up 10% of sporadic ALS in some locations, but with an average of one third of familial cases 9, 10 . It is also believed that most sporadic cases of ALS under the general assignment of unknown or unidentified genetic cause may be originated by C9orf72 mutations 11, 12 .
FTD presents with a global average prevalence of 15-22 cases per 100,000 inhabitants. Around 40%-50% of FTD cases present with a positive family history of dementia, mainly with autosomal dominant inheritance pattern 13 . It is estimated that up to 18%-24% cases of familial FTD and 6%-10% of sporadic cases of bvFTD are due to C9orf72 expansions 5, 14, 15 . C9orf72 repeat expansions have a wide global distribution, mainly in European-derived populations, and an exceptionally low prevalence in East Asian populations and probably in South and Southern Asia regions 16 . In cases of FTD in Europe (including patients from 15 countries), C9orf72 repeat expansions were detected with high frequency in Finland (29.3% of all cases), in Spain (25.5%) and in Sweden (20.7%), and low prevalence was detected in Germany (4.8%). In a large group of patients from USA, Europe and Australia, the overall C9orf72 prevalence was 7% of sporadic ALS, 39.3% of familial ALS, 6% of sporadic FTD and 24.8% of familial FTD 3 . Other series form London patients with the FTD-ALS phenotype, 26% presented with the C9orf72 expansion followed by 24% in SOD1 gene, 4% in FUS gene and 1% in TARDPB gene 17 , showing that C9orf72 represents the most common genetic cause of familial cases of FTD-ALS in Europe 18 .
GENETIC ASPECTS AND PATHOPHYSIOLOGY
Familial and sporadic cases of ALS and FTD have been linked to several genomic regions, most related to one or Figure 1 . Schematic representation of the main pathophysiological mechanisms involved with motor neuron disease, (1) including protein misfolding, (2) altered RNA processing (mainly disturbed mRNA splicing), (3) defects in axonal transport, (4) abnormal accumulation of reactive oxygen species, (5) mitochondrial dysfunctions, (6) microglial neuroinflammatory mechanisms, (7) direct excitotoxicity by astrocytes, (8) disturbances of autophagy, (9) proteosome abnormalities and (10) ion channel defects. more different mechanisms of neurodegeneration 11, 19, 20 . An extensive number of genes located in different chromosome regions and related to distinct patophysiological mechanisms have been linked to clinical and neuropathological findings of FTD and ALS (Tables 1 and 2 ) 4, 11, 14, 20, 21 . C9orf72 (chromosome 9 open reading frame 72) gene (MIM *614260) represents a reasonably recently described gene linked to sporadic and familial cases of neurodegenerative disorders. Heterozygous hexanucleotide repeat expansions in a noncoding region of the gene are responsible for its pathogenesis, in a similar pattern of other repeat expansion disorders 22, 23, 24 (Table 3 ). C9orf72-related disorders represent clinical and pathologically heterogeneous autosomal dominant neurodegenerative diseases with partial (or incomplete) penetrance, giving rise to pleiotropic manifestations. The pathogenic repeat expansion is fully penetrant around 80 . In some cases, anticipation has been observed, but less prominent than in other expansion repeat expansion diseases. An european founder effect has been detected for the expansion in Scandinavia, more specifically in Finland 16 . The C9orf72 gene is located on 9p21.2 and is formed by 12 exons, coding 3 transcription variants and two protein isoforms (a, b). Transcript variants 1, which contains nonconding exons 1b, and 3, which contains noncoding exon 1a, are fused to coding exons 2 through 5 and encode a longer isoform of the protein with 481 amino acid (called isoform a). Transcript variant 2, which contains exon 1a, encodes a shorter protein with 222 amino acid (called isoform b), highly expressed in testis, fetal brain, cerebellum and frontal cortex 16 . The expansion site is located in the 5' regulatory region upstream of the transcription start site between two noncoding exons (1a, 1b) in the core promoter for transcript variant 1, leading to haploinsufficiency mechanism with variable degrees of reduction of isoform a. For transcription variants 2 and 3, the expansion is located in intron 1, leading to aberrant and abnormal production with classical gain-offunction mechanisms participating in toxic pathogenetic mechanisms and influencing the processing of precursor mRNAs ( Figure 2 ). Hexanucleotide repeat expansion also forms DNA and RNA G-quadruplexes which promotes the formation of RNA/DNA hybrids (R-loops), originating a repeat length-dependent accumulation of transcripts which bind to ribonucleoproteins, such as nucleolin, giving rise to nucleolar stress 16, 25 . Loss-of-function by means of happloinsufficiency represents the main mechanism involved in its pathogenesis ( Figure 3 ). The C9orf72 encoded protein is found in presynaptic terminals and cytoplasmic regions of neurons in a diffuse pattern and is still poorly understood. One of the main hypotheses regarding its function propose a similar function to guanine nucleotide exchange factors for small GTPases associated with the regulation of Rab protein system during endosomal trafficking regulation of exocytosis and endocytosis (with the Rab protein system) in neuronal cell lines, primary cortical neurons and spinal cord motor neurons. It gives rise to a higher rate of lysosomal protein degradation and abnormal accumulation of ubiquinated proteins 26 . The C9orf72 encoded protein also participates in mechanisms of neuronal autophagic process and interacts with nuclear proteins involved with regulation of splicing and RNA metabolism 18 . C9orf72 expansion-mediated toxicity occurs by accumulation of toxic RNA foci and RNA-binding proteins with secondary dysregulation of RNA splicing and trafficking, and inappropriate formation of novel dipeptide aggregates resulting from non-ATG mediated (RAN) translation of the hexanucleotide repeat (colocalized with p62+ inclusions) 27 . Most cases result from gain-of-function mechanisms directly related or not to the encoded protein. RNA-mediated cytotoxic nuclear and cytoplasmic mechanisms may occur first Table 3 . Clinical neurological diseases associated with the genetic mechanism of unstable nucleotide repeat expansion 22, 23, 24 . in astrocytes and result from RNA foci formation, not found in sporadic ALS or familial FTD-ALS causes by other gene mutations 28, 29 . Aggregate formation occur mainly through proteasome dysfunction, commonly found in C9orf72-related ALS and FTD cases. Genetic instability, dysfunction of the promoter region, abnormal mRNA distribution, splicing and translation are also linked to the formation of G-quadruplexes (or G-tetrads) of uni and multimolecular RNA 24 . Besides this intraneuronal mechanisms, it has been demonstrated that ALS patients carrying C9orf72 mutations have astrocytes that convey toxicity towards motor neurons 30 . The so-called GGGGCC (G4C2) n hexanucleotide repeat expansion, in the normal asymptomatic individual, ranges from 2 to 19 repeats, despite the fact of up to 30 repeats being also considered normal. However, asymptomatic patients have also been described in cases with the repeats in the pathogenic interval. Symptomatic patients are described in cases with more than 30 repeats, generally with 250 to 1,600 repeats, and more symptomatic in cases with more than 400 repeats 16, 19 .
NEUROPATHOLOGICAL ASPECTS
Neuropathological studies have been widely performed in C9orf72-related disorders. Gross pathology examination generally shows global brain atrophy, particularly of the frontal and temporal lobes with mild to moderate subcortical involvement. Microscopic evaluation unveils neuronal degeneration and loss with variable degrees of gliosis and superficial laminar spongiosis (depending on disease stage), but rarely with Pick bodies and with relative paucity of amyloid plaques and neurofibrillary tangles. Myelin loss in the corticospinal tracts with moderate to severe degeneration of the motor system is also described in cases of FTD even without clinical features of motor neuron disease 9, 19 . Marked loss of lower motor neurons in cranial nerve motor nuclei in the brainstem (mainly in the medulla) and in the anterior horns of the spinal cord with marked microglial reaction is observed in all levels of the pyramidal tract in cases with associated ALS phenotype 19 . Immunohistochemistry patterns represent important findings in C9orf72 neuropathological studies. The finding of TDP-43 (TAR/transactive response DNA-binding protein 43) positive cytoplasmic inclusions in spinal motor neurons and eventually in glial cells, commonly associated with cytoplasmic neuronal ubiquitin-positive and Tau-negative inclusions in the cortex and spinal cord 19, 31, 32 . The absence of FUS and Ubiquilin 2 positive inclusions differentiate C9orf72 spectrum from other genetic forms of FTD-ALS disorders 14 . Another highly specific, nearly pathognomonic, molecular signature of C9orf72-related neuropathology is the finding of TDP-43 negative and p62-positive neuronal cytoplasmic inclusions in extra-motor regions within the dentate gyrus granule cells, in the CA4 pyramidal cells of the hyppocampus, in the frontal neocortex and in granule cells of the cerebellum 19, 33 . These represent dipeptide repeat proteins, previously described, formed as a result of sense and antisense repeat associated non ATG-initiated translation of the expanded repeat noncoding region 9, 27 . Dopaminergic neuron loss in substantia nigra is also common in C9orf72 cases of ALS with p62-positive inclusions and without asynuclein-positive Lewy bodies thus in a distinct pattern of involvement than in idiopathic Parkinson disease 34 . Although classically described in motor neurons in anterior horn of the spinal cord in ALS cases and rarely in association with atypical Pick's disease, eosinophilic intraneuronal inclusions rich in transferrin and cystatin C, the so-called Bunina bodies, have also been reported in cases of FTD-ALS in C9orf72-related repeat expansion, despite not representing a significant finding in this context 35 .
CLINICAL AND LABORATORY CHARACTERIZATION
The association of ALS and FTD with other neurological phenotypes is widely known from the past 36 , including the first descriptions of FTD-ALS complex about 40 years ago. C9orf72 repeat expansions are involved with a wide spectrum of neurological manifestations 37, 38 , involving motor and nonmotor (cognitive and behavioral) phenotypes (syndromes) 38 ( Figure 4 ). Most clinical data come from populational studies in European countries and in US. It is possible to extend concepts obtained from the analysis of such populations to propose a proper overall analysis. Hexanucleotide repeat expansions in C9orf72 gene have been described in different contexts of neurodegenerative syndromes, ranging from classical bvFTD to sporadic Creutzfeldt-Jakob disease-like phenotype 39 . Few data regarding Brazilian patients with C9orf72-related disorders exist, but in general presenting with classical behavioural and extrapyramidal (focal dystonia, parkinsonism) compromise findings 40 . Since 2011, C9orf72 gene has become a leading figure in the genetics of neurodegenerative processes involving motor neuron disease and dementia. There is frequent misunderstood regarding the FTD-ALS complex and the lytico-bodig disease or amyotrophic lateral sclerosis-parkinsonismdementia complex, previously described in the Chamorro population from Guam Island in USA. The clinical picture arises from mutations in the TRPM7 gene (Transient receptor potential cation channel, subfamily M, member 7; 15q21.2), as a consequence from direct exposure to the neurotoxic effects of b-methylamino-L-alanine found in local Guam species of flying fox (Pteropus tokudae) 41 . The most common clinical presentation related to C9orf72 is represented by adult-onset of bvFTD phenotype followed in the disease course by variable signs of a motor neuron disease, resembling ALS 5 . Semantic dementia and progressive non-fluent aphasia have rarely been described in association with motor neuron signs 9 , but might not exclude the hypothesis of C9orf72 gene hexanucleotide repeat expansion 13 . Neuropsychiatric profile involves early Paulo Victor Sgobbi de Souza et al. C9orf72-related disorders disinhibition (up to 85%), lack of insight (up to 78%), hallucinations (up to 50%), delusion (up to 50%), anxiety (up to 52%), hyperorality (up to 100%), early apathy (up to 100%), loss of empathy (up to 77%) and obsessive-compulsive symptoms (up to 12%) 5, 42, 43 . There is an important clinical overlap with probable Alzheimer's disease in the early-onset cases, mainly in Caucasian patients 45, 46 , making it difficult to promote a proper genetic evaluation in association with classical genes (APP, PSEN1, PSEN2) 47, 48 , although such cases generally present with an older age than with the FTD clinical spectrum 26 . UBQLN2 gene mutations are great mimickers frequently differentiated in clinical means by the absence of psychiatric features (not behavioural symptoms) and lower motor neuron involvement 14 . In cases with pleiotropic heterogeneous phenotypic variability of repeat expansions, association with previously described pathogenic mutations in GRN or MAPT genes must be done 49 . During the natural history of ALS, up to 50% of patients have cognitive decline, but only 15%-20% full-fill clinical criteria for FTD 10, 14 . In C9orf72 related ALS, despite the prevalence of 35% with at least one family member with dementia 19 and the higher rate of cognitive dysfunction, the most significant manifestations include psychiatric symptoms (delusions and hallucinations) and higher rates of familial members with parkinsonism 8 . There are no specific clinical hallmarks which differentiate FTD and ALS phenotypes linked to C9orf72 to those associated with other genes. C9orf72-spectrum disorders tend to have a lower age of onset, shorter survival, more rapid clinical course, bulbar symptoms at onset (in cases of ALS phenotype), propensity toward psychosis, early-onset delusions (up to 45%), paranoia or late-onset hallucinations (up to 50%). Early-onset delusion in the context of ALS is highly suggestive of C9orf72 expansions 5 , despite the absence of a specific neuropsychiatric symptom pattern 2 . There is also an increased incidence of neurodegenerative disease in relatives (mainly dementia in 33% of cases) when compared to patients with other forms of ALS or FTD, even in the rare cases without clear cognitive dysfunction 5, 9, 10, 19 . Parkinsonism is a key feature in C9orf72-spectrum phenotype. Early-onset mild parkinsonism (mainly akinetic-rigid) with focal dystonia and poor response to levodopa is the typical clinical picture, rarely presenting with diffuse Lewy body dementia parkinsonism. It is also documented the predisposition of some populations to parkinsonism in cases of C9orf72 repeat expansion 12 . Atypical parkinsonism with cerebellar ataxia mimicking multiple system atrophy has also been described 49 , the same way as cerebellar ataxia with retained reflexes 50 and isolated olivopontocerebellar atrophy with hot-cross bun sign in the pons 26, 51 . Due to its exceptionality, cerebellar ataxia as a clinical manifestations of C9orf72 expansion should be suspected only in cases with proper familial dementia or especially with motor neuron disease. There are no specific repeat intervals involved with atypical parkinsonism and cerebellar ataxia 26 . Another phenotype on growing evidence and importance is represented by Huntington's disease (HD) phenocopies, cases in which typical or suspected cases of HD present with negative genetic testing 52 (Table 4) . Most cases studied presented with earlier age at onset and a different combination of movement disorders, including dystonia, tremor, rigidity, myoclonus and chorea, thus with a broader spectrum than HD classical phenotype. One highly suggestive clinical context is the presence of upper motor neuron features in cases of HD-like phenotype. ALS-like phenotype mainly with lower motor neuron signs in this context is rarely associated with the HD, FTD and C9orf72 clinical spectrum. There is no specific size of repeat expansion linked to this phenotype, making part of the set of most expansion sizes in other clinical situations linked to C9orf72 53 . During a large screening for genetic causes of early-onset autosomal dominant inherited dementia, atypical clinical presentations of C9orf72-related disease were found and disclosed a rare presentation of an olivopontocerebellar degeneration and a corticobasal syndrome-like phenotype 51 . Visuospatial dysfunction has also been described, but the phenotype of pure spastic paraparesis is not associated with repeat expansion 38 . It has also been identified a higher prevalence of multiple sclerosis within families with ALS, mainly those associated with C9orf72
19 . It has also been described an uncommon psychiatric phenotype with familial bipolar disorder with C9orf72 expansion with one family member with late-onset features which progressed to frontotemporal lobe degeneration 54 . Repeat expansions were rarely described in cases of men with refractory depression that harboured a previous suspected diagnosis of depressive pseudodementia 55 . Some authors even suggest the possibility of performing C9orf72 gene evaluation in cases of late-onset psychosis 56 . Suicide attempt is also a clinical presentation linked to the repeat expansion. Those carrying the C9orf72 repeat expansion are also more likely to have family members with neuropsychiatric conditions, including psychosis and a history of suicide 57 . General serum laboratory profile is completely normal. Expansions can be properly detected with repeat-primed PCR and Southern blotting approaches. Large series of electroneuromyographic pattern evaluations and muscle biopsies in C9orf72 have not been studied, but do not differ from sporadic cases of ALS without this same genetic profile. No specific CSF examination findings and biomarkers are available and most range usually in normal levels (beta amyloid, tau, phosphorylated tau, tau-to-beta amyloid ratio), although some patients present with an Alzheimer's disease-like CSF profile 16 .
NEUROIMAGING STUDIES
There is a wide radiological and pathological correlation in cases of C9orf72. However, no pathognomonic findings on cranial CT and brain MRI have been described 2 . Most neuroimaging descriptions were performed in cases linked to any degree of cognitive of compromise or behavioral disturbances. Symmetrical frontal and temporal lobe, insular, and posterior cortical (parietal and occipital) atrophy are the rule mainly when associated with subcortical involvement of the thalamus and cerebellum, rarely described in other genetic forms of FTD and which tend to progress and accent during disease course ( Figure 5 ). The degree of temporal involvement may be less prominent than that seen in other genetic causes of FTD, despite severe clinical involvement. One notorious exception with predominant temporal atrophy is represented by C9orf72-related cases with primary progressive aphasia phenotype 58 . The finding of hot-cross bun sign in the pons has also been described in the context of C9orf72-spectrum in a single case of late-onset cerebellar variant of multiple system atrophylike phenotype 49 . In cases of C9orf72-related ALS, volumetry and morphometry brain MRI studies also disclosed prominent atrophy of right inferior and superior frontal gyri, right precentral gyri and left anterior cingulate cortex 10 . The same group of changes linked to the FTD phenotype are also present in the ALS phenotype 9 , although the presence of bilateral thalamic atrophy is rarely described in cases of isolated ALS phenotype 59 . The presence of the "bright tongue sign" in the context of a frontotemporal dementia points to the possibility of associated motor neuron disease 60 . No specific or highly-suggestive patterns have been described in positron emission tomography (PET) and single-photon emission computed tomography (SPECT). However, some pathological changes have been pointed out. SPECT shows hypoperfusion in the anterior and middle cingulate gyri, and variable degrees of frontal cortical hypometabolism in PET, although these findings do not represent a rule and depend on disease stage of evolution 58 . It is also possible to differentiate general neuroimaging patterns in the FTD spectrum with impaired C9orf72 with other high prevalence genes as GRN and MAPT. Exceptionally mutations in these genes originate thalamic and cerebellar atrophy, which represents important differential diagnostic findings. GRN gene mutations are commonly associated with asymmetric hemispheric atrophy, predominantly in the inferior frontal, superior temporal and inferior parietal gyri, eventually associated with any degree of leukoencephalopathy. MAPT gene mutations are associated with symmetric frontotemporal atrophy, predominantly in the anterior and medial portions of the temporal lobes, the fornix and orbitofrontal cortex, possibly with cerebellar involvement 10, 58 .
THERAPEUTIC PERSPECTIVES
Symptomatic therapy remains the exclusive drug measure in cases of FTD and ALS besides the proper use of multidisciplinary approaches. Developing new therapy modalities provide new multimodal treatment perspectives for most inherited and sporadic cases of FTD-ALS patients. Most data regarding C9orf72-targeted therapies derive from other repeat expansion neurodegenerative disorders. New disease-modifying therapies are being studied as new attempts on ALS and FTD therapeutics rather than neuroprotective approaches. However, few specific clinical trials, none exclusively with C9orf72 mutations.
Dexpramipexole, Riluzole and Fingolimod represent neuroprotective perspectives in cases of FTD-ALS 13 . Patient-specific induced pluripotent stem cell therapy, immunotherapies, antioxidant agents, minocycline, insulinlike growth factor-1 (IGF-1) and lithium carbonate are other alternative treatment options used in preclinical studies 13, 14 . Most recent attempts target mRNA dysfunctions in FTD-ALS, mainly the aberrant splicing process, the nuclear RNA-binding proteins and contentes from nuclear inclusions. The use of antisense oligonucleotides to silence targeted mRNA or to modulate splicing represents an important perspective in the therapy of C9orf72-related disorders, applying clinical research data obtained from muscular dystrophies, spinocerebellar ataxias and chronic lymphocytic leukemia 14, 29 .
CONCLUSION
The spectrum of neurological conditions associated with hexanucleotide repeat expansion of C9orf72 gene is very broad, ranging from the classic phenotype of motor neuron disease and frontotemporal dementia to the most recently descriptions of parkinsonian syndromes, Huntington's disease-like phenocopies, Alzheimer's disease-like phenotypes and rarely cerebellar ataxias and other psychiatric disorders. Extensive studies of neuroimaging, molecular neurogenetics and neuropathology allowed the knowledge of specific information related to C9orf72 phenotypes. Clinicians must be aware about such clinical and neuroimaging spectrum related to C9orf72 for proper investigation of suspected cases in the setting of neurodegenerative disorders. 
